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RESISTANCE  TO  FLOW  THROUGH  LOCOMOTIVE 
WATER  COLUMNS. 

1.  Preliminary. — Water  is  delivered  to  the  tanks  of  locomo- 
tives either  directly  from  an  elevated  tank  or  through  a  pipe  line 
and  a  discharging  device  known  as  a  water  column,  standpipe,  or 
penstock.  Qualifications  commonly  recognized  as  desirable  in  a 
locomotive  water  column  are  (1)  the  hydraulic  properties  of 
rapid  discharge,  moderate  f  rictional  resistance  to  flow,  easy  move- 
ment and  control  of  valve,  and  freedom  from  objectionable  water 
hammer;  (2)  a  mechanical  construction  permitting  easy  and 
satisfactory  operation  and  convenient  inspection  and  repairs;  (3) 
a  design  giving  reasonable  cost  of  manufacture  and  maintenance. 
With  the  increased  importance  of  time  in  train  service  the  im- 
portance of  the  first- named  element  in  a  water  column  is  becom- 
ing recognized.  Little  definite  information  on  the  hydraulics  of 
water  columns  has  been  available,  so  that  in  designing  water 
service  plants  the  engineer  has  been  largely  in  the  dark  in  mak- 
ing allowance  for  the  head  lost  through  the  water  column  or  even 
in  the  selection  of  size  of  water  column,  a  ad  the  differences  of 
practice  are  considerable.  The  American  Railway  Engineering 
and  Maintenance  of  Way  Association  has  appreciated  the  im- 
portance of  having  fuller  information  on  ^the  flow  through  water 
columns.  Growing  out  of  this  interest,  this  investigation  was 
taken  up  in  cooperation  with  the  Committee  on  Water  Service  of 
the  Association. 

2.  Scope  of  Bulletin. — This  bulletin  gives  the  results  of  tests, 
made  in  the  Hydraulic  Laboratory  of  the  University  of  Illinois, 
of  fourteen  water  columns  covering  the  principal  types  used  in 
supplying  water  to  locomotives  in  the  -United  States.  The  tests 
were  made  for  the  purpose  of  determining  the  losses  of  head 
through  the  column,  including  the  loss  in  the  valve  and  in  the 
riser  and  spout.  Incidentally,  the  action  of  the  valve  in  closing 
and  the  changes  in  pressure  in  front  of  the  valve  were  studied 
with  a  view  of  getting  information  on  the  influence  of  the  type  of 
the  valve  on  the  development  of  water  hammer  in  the  supply 
main.  A  general  statement  of  the  principles  of  water  hammer 
and  their  application  to  a  water  service  installation,  as  well  as  of 
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relief  valves,  is  also  given. 

There  are  also  given  in  the  Appendix  diagrams  for  calculat- 
ing the  loss  of  head  in  pipe  and  diagrams  for  the  loss  of  head  in 
elbows,  tees,  and  valves.  These  are  presented  with  the  thought  that 
their  inclusion  here  will  be  a  convenience  to  a  great  many  readers. 

3.  Acknowledgment. — Acknowledgment  is  made  to  the  Com- 
mittee on  Water  Service  of  the  American  Railway  Engineering 
and  Maintenance  of  Way  Association,  and  especially  to  Mr.  Robert 
Perriday,  Engineer  Maintenance  of  Way,   Cincinnati,  Cleveland, 
Chicago,  and  St.  Louis  Railway,  for  cooperation  and  for  arrang- 
ing with  the  manufacturers  for  the  use  of  the  water  columns 
tested,  and  for  valuable  suggestions  and  helpful  interest  through- 
out the  tests.     Acknowledgment  should  also  be  made  of  the  fact 
that  the  Water  Service  men  of  the   Peoria  and  Eastern  division 
of  the  C.  C.   C.   &   St.   L.   Ry.   assisted  in  setting  up  the  water 
columns.     The  results  of  a  part  of  the  tests  were  embodied  in  a 
report  to  the  American  Railway  Engineering   and  Maintenance 
of  Way  Association. 

4.  Water  Columns. — The  water  columns  were  furnished  by 
the  manufacturers  as  representing  the  regular  article  supplied 
to  the  trade.     The  10-in.  size  was  chosen  for  the  tests,  since  it 
is  a  medium  size  and  since  with  this  size  a  high  velocity  could  be 
maintained  through  the  water  columns  with  the  facilities  of  the 
Laboratory.     The  columns  were"  set  up  by  experienced  water- 
service  men.     As  a  representative  of  the  manufacturing  company 
furnishing  the  water  column  was  present  for  the  types  with  which 
the  men  were   not  familiar,    the  proper  erection  of  the  water 
columns  was  insured. 

The  water  columns  will  be  designated  by  the  Roman  numer- 
als given  in  Table  1 ,  the  numbers  being  used  in  the  order  in  which 
the  tests  were  made.  The  Poage  water  column  is  manufactured 
by  the  American  Valve  and  Meter  Co. ;  the  Otto,  by  the  Otto  Gas 
Engine  Co.;  the  Gulland,  by  the  Best  Manufacturing  Co.;  the 
Mansfield  and  the  U.  S.,  by  the  U.  S.  Wind  Engine  and  Pump 
Co.;  the  Sheffield,  by  Fairbanks,  Morse  &  Co.;  and  the  Golden- 
Anderson,  by  the  Golden- Anderson  Co.  The  Sellew  is  a  new 
water  column  designed  by  Mr.  W.  H.  Sellew,  Principal  Assistant 
Engineer  of  the  Michigan  Central  Railroad,  and  now  handled  by 
the  Cleveland  Railway  Supply  Co.;  in  the  tests  with  the  Sel- 
lew the  experimental  valve  replaced  the  valve  of  the  Gulland 
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water  column.  In  the  classification,  the  terms  globe,  angle,  and 
gate  are  used  as  roughly  indicating  the  form  of  the  valve.  The 
method  of  operating  the  valve,  both  in  the  manual  type  and  in 
the  hydraulic  type,  differed  considerably.  The  form  of  spout  used 
was  chosen  by  the  manufacturer,  the  form  used  being  no  part  of 
the  test,  since  both  rigid  and  adjustable  spouts  are  made  by  man- 
ufacturers. The  nozzles  marked  "anti- splash"  are  cylindrical 
nozzles  having  a  reticulated  diaphragm  to  straighten  the  filaments 
of  the  discharging  stream.  The  one  marked '  'conical  anti-splash" 
was  an  open  cone.  The  other  nozzles  were  plain  cylinders. 

The  tests  of  the  first  ten  water  columns  were  made  in  Octo- 
ber, November,  and  December  1909  and  the  results  were  reported 
to  the  Committee  on  Water  Service  of  the  American  Railway 
Engineering  and  Maintenance  of  Way  Association.  Water  column 
XI  was  tested  in  May  1910.  Water  columns  XII,  XIII  and  XIV 
are  new  forms  of  columns,  designed  after  the  first  tests  were 
made;  these  were  tested  in  January  1911. 

The  make-up  of  the  water  columns  is  shown  in  the  cuts,  Fig. 
14,  16,  18,  20,  22,  24,  26,  28,  30,  32,  34,  36,  38,  40  and  42  at  the 
end  of  the  text. 

TABLE  l. 
CLASSIFICATION  OF  WATER  COLUMNS. 


Desig- 
nation 

Name 

Valve 

Operation 

Spout 

Nozzle 

I 
II 
III 
IV 
V 

Poage,  style  D 
Poage,  style  B 
Poage,  style  F 
Poage,  style  A 
Otto 

Globe 
Globe 
Angle 
Angle 
Angle 

Manual 
Manual 
Manual 
Manual 
Manual 

Telescopic 
Rigid 
Telescopic 
Rigid 
Ball&  Socket 

Anti-splash 
Anti-splash 

VI 
VII 
VIII 
IX 
X 

Gulland 
Manstleld 
U.  S. 
Sheffield 
Golden-Anderson 

Globe 
Angle* 
Angle 
Angle 
Globe 

Hydraulic 
Manual 
Hydraulic 
Combination 
Hydraulic 

Rigid 
Rigid 
Rigid 
Rigid 
Rigid 

Anti-splash 
With  appended  bucket 
With  appended  bucket 
Conical  anti-splash 
Anti-splash 

XI 

XII 
XIII 
XIV 

Sellew 
Poage.  style  H 
Poage,  style  H 
Otto 

Gate 
Angle 
Angle 
Angle 

Hydraulic 
Manual 
Manual 
Manual 

Rigid 
Telescopic 
Rigid 
Telescopic 

Anti-splash 
Anti-splash 

*This  angle  valve  does  not  replace  the  elbow. 

5.  General  Arrangement  of  Apparatus. — In  a  test,  the  water 
column  was  connected  to  a  tank  or  standpipe  (hereinafter  referred 
to  as  the  tank)  as  shown  in  Fig.  i;  a  constant  head  Was  main- 
tained in  the  tank  during  a  test  run  by  means  of  large  pumps; 
the  rate  of  discharge  of  the  water  column  was  measured  by  means 
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of  a  weir;  and  the  pressures  were  determined  by  mercury  gauges. 
The  tank  was  4  ft.  in  diameter  and  60  ft.  above  the  foundation 
and  acted  as  a  regulating  chamber  in  maintaining  a  uniform  flow. 
The  pipe  B  leading  from  the  15  in.  outlet  of  the  tank  was  12  in. 
in  diameter.  Tne  nipple  at  C  was  connected  with  a  10  in.  pipe  3 
ft.  long,  and  the  water  columns  were  connected  to  this  10- in.  pipe 
at  E.  The  piezometer  connection  at  D  was  from  6  in.  to  15  in. 
from  the  inlet  E  of  the  water  column  according  to  the  form  of 
connection  with  the  water  column.  One  opening  was  placed  in 


To  water  hammer 
apparatus 


To  piezo^me+er  gauges 

Connection 
at  G 


Piezometer   gauges 


T 


7b  we/r  channel 

,.  !E# 

See  above' 
FIG.  1.    GENERAL,  ARRANGEMENT  OF  APPARATUS. 

the  side  of  the  10-in.  pipe  and  one  in  the  bottom,  cocks  being 
arranged  to  permit  readings  to  be  taken  from  the  separate  open- 
ings. A  f-in.  pipe  led  from  the  piezometer  connection  to  a  mer- 
cury gauge  placed  in  a  convenient  position.  A  second  piezom- 
eter connection  was  made  in  the  vertical  part  of  the  water  column 
at  a  point  G  (Pig.  1)  about  6  in.  below  the  usual  ground  line  and 
this  was  connected  with  a  second  mercury  gauge.  The  point  G 
was  chosen  where  conditions  would  be  fairly  common  in  all  the 
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water  columns,  being  well  above  the  valve  arrangements  in  every 
case.  The  arrangement  of  the  piezometer  connection  at  D  and  at  G 
is  shown  in  the  upper  part  of  Fig.  1.  The  piping  to  the  gauges 
was  so  arranged  that  any  accumulating  air  would  be  carried  out 
and  the  correct  pressures  observed.  The  effect  of  the  elbows 
and  the  10-in.  connection  was  such  that  the  distribution  of  flow 
over  the  section  at  D  (Fig.  1)  was  not  uniform,  and  this  lack  of 
uniformity  may  affect  the  piezometer  readings  noticeably  for  the 
higher  flows,  although  observations  taken  alternately  with  the 
two  piezometer  openings  at  D  showed  only  little  differences.  The 
difference  in  level  between  the  zero  level  of  these  gauges  and  the 
discharge  level  of  the  water  column  was  measured,  and  the  pres- 
sure with  reference  to  this  discharge  level  was  recorded.  The 
level  of  the  free  discharge  was  considered  as  at  the  end  of  the 
spout,  except  that  for  the  water  columns  with  telescopic  spouts  (I, 
III,  XII,  and  XIV),  the  center  of  the  orifice  discharging  into  the 
spout  was  used  since  there  was  free  admission  of  air  at  this  point. 
Having  the  observations  and  measurements,  the  total  head  lost  in  the 
column  could  be  found.  The  observations  also  permitted  the 
finding  of  the  amount  of  head  lost  between  the  inlet  to  the  column 
and  bhe  point  in  the  riser  just  below  the  ground  line;  this  would 
include  the  loss  in  the  tee,  the  loss  through  the  valve,  and  the 
f rictional  and  other  losses  in  the  lower  portion  of  the  riser.  The 
loss  between  the  point  below  the  ground  line  and  the  discharge 
outlet  was  also  determinable.  In  all  cases,  of  course,  the  head 
required  to  lift  the  water  to  the  level  of  the  spout  was  not  counted 
as  lost  head.  The  discharge  of  the  water  column  was  measured 
over  a  3-ft.  standard  weir  having  suppressed  end  contractions. 
This  weir  has  been  calibrated  so  that  its  coefficients  are  known 
with  reasonable  accuracy,  and  the  conditions  of  the  test  were 
such  that  the  measurement  of  the  discharge  is  trustworthy. 

6.  Procedure  of  Tests. — For  each  of  the  water  columns,  tests 
were  made  in  such  a  way  as  to  give  discharges  of  approximately, 
say,  1500,  2000,  2500,  3000,  3500,  and  4000  gallons  per  minute, 
the  head  of  water  in  the  tank  being  made  such  as  to  produce  the 
desired  discharge.  In  starting  the  test  the  valve  was  opened 
under  a  low  or  medium  head,  and  the  water  was  maintained  at  a 
uniform  height  in  the  tank  during  the  run.  After  the  flow  over 
the  weir  had  become  constant  at  about  the  desired  discharge, 
readings  of  the  pressure  gauges  and  the  hook  gauge  were  taken 
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at  four  to  five  minute  intervals  for  a  period  of  twenty  to  thirty 
minutes.  The  pumps  were  then  speeded  up  and  the  head  in  the 
tank  increased  until  a  quantity  approximating  the  next  higher 
discharge  desired  was  obtained.  After  the  flow  over  the  weir 
had  been  found  to  be  constant,  readings  were  taken  in  a  similar 
manner  for  a  period  of  twenty  to  thirty  minutes  for  the  second 
run.  Another  increase  in  the  head  "in  the  tank  was  then  given 
and  a  run  at  the  next  higher  discharge  was  made.  The  discharge 
was  increased  until  it  reached  the  limit  of  the  capacity  of  the 
pumps  for  the  head  taken  by  the  column  under  test.  Repeti- 
tions were  obtained  to  give  a  check  on  the  general  conditions  of 
any  test. 

7.  Results  of  the  Tests. — The  results  of  the  tests  are  platted 
to  logarithmic  scale  in  Pig.  15,  17, ...  .41  at  the  end  of  the  text. 
The  abscissas  give  the  discharge  in  gallons  per  minute  and  the 
ordinates  the  head  lost  in  feet  of  water.     The  values  of  the  total 
head  lost  through  the  water  column  in  the  several  experiments 
are  shown  by  open  circles.     The  values  of  the  head  lost  through 
the  part  of  the  water  column  above  the  ground  line  piezometer 
connection  are  shown  by  solid  circles.       In  each  case  the  head 
necessary  to  give  the  velocity  head  and  the  entrance  head  are, 
of  course,  not  included. 

8.  Loss  Diagrams. — The  lines  for  the  10- in.  water  columns 
drawn  on  Fig.  15,  etc.,  agree  very  closely  with  the  observed  re- 
sults.    It  would  seem  that  this  line  may  be  used  with  fair  accu- 
racy up  to  a  discharge  of  5000  gal.  per  min.     As  drawn,  the  head 
lost  is  made  to  vary  as  the  square  of  the  velocity.     It  appears 
that  the  variation  as  the  square  of  the  velocity  fits  the  results  of 
all  of  the  tests  as  closely  as  any  power  which  could  be  selected. 

Prom  general  considerations,  it  would  seem  reasonable  to 
expect  that  8-in.  and  12-in.  water  columns  will  have  losses  ap- 
proximately the  same  as  those  from  the  10-in.  water  columns  at 
the  same  velocity  of  flow,  although,  of  course,  the  element  of 
pipe  friction  through  the  column  would  probably  differ  somewhat 
from  this,  and  result  in  a  somewhat  smaller  loss  for  the  12-in. 
columns  and  a  larger  loss  for  the  8  in.  water  columns.  The  lines 
marked  "8-in.  water  column,  estimated",  and  "12-in.  water  col- 
umn, estimated",  are  based  on  the  assumption  of  equal  losses  at 
the  same  velocities.  Some  error  is  doubtless  involved  in  this  as- 
sumption, but  these  quantities  may  be  found  useful  until  more 
accurate  information  is  available. 
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Curves  representing  the  total  loss  in  head  for  the  various 
types  of  water  columns  are  platted  to  natural  scale  in  Fig.  2, 
page  10.  Curves  representing  the  loss  in  riser  and  spout  are 
platted  in  Fig.  3,  page  11. 

9.  Tables. — A  comparison  of  the  loss  of  head  in  the  several 
water  columns  at  equal  discharges  may  be  of  interest. 

Table  2  gives  the  loss  of  head  in  the  10- in.  water  columns  for 
discharges  of  3000,  4000,  and  5000  gallons  per  minute.  The  col- 
umn marked  "Valve"  in  the  table  gives  the  loss  from  the  inlet 
to  the  ground  line,  and,  of  course,  includes  other  losses  than 
valve  losses.  The  column  marked  "Riser"  gives  the  losses  from 
the  ground  line  up,  including  that  in  the  spout  in  water  columns 
having  fixed  spouts.  For  Table  2  and  the  succeeding  tables,  the 
values  were  taken  from  the  lines  of  the  diagrams. 

TABLE    2. 

Loss  OF  HEAD  IN  10-iN.  WATER  COLUMNS. 
The  loss  is  given  in  feet  of  water  for  the  discharge  indicated. 


3000  gal.  per  min. 

4000  gal.  per  min. 

5000  gal.  per  min. 

Designa- 

tion 

Valve 

Riser 

Total 

Valve 

Riser 

Total 

Valve 

Riser 

Total 

I 

12.6 

2.9 

15.5 

22.5 

5.2 

27.7 

35.0 

8.0 

43.0 

II 

12.6 

5.1 

17.7 

22.5 

9.0 

31.5 

35.0 

14.0 

49.0 

III 

11.3 

2.9 

14.2 

20.3 

5.3 

25.3 

31.3 

8.0 

39.3 

IV 

ll.l 

5.1 

16.2 

20.0 

9.0 

29.0 

31.0 

14.0 

45.0 

V 

6.4 

,6.1 

12.5 

11.4 

10.9 

22.3 

18.0 

17.0 

35.0 

VI 

16.3 

7.2 

23.5 

29.0 

12.8 

41.8 

45.0 

20.0 

65.0 

VII 

20.0 

6.1 

26.1 

35.7 

10.8 

46.5 

55.0 

17.0 

72.0 

VIII 

9.0 

4.0 

13.0 

16.0 

7.0 

23.0 

25.0 

10.0 

35.5 

IX 

6,4 

6.7 

13.1 

11.3 

12.0 

23.3 

17.8 

18.7 

36.5 

X 

13.5 

6.8 

20.3 

24.4 

12.0 

36.4 

37.5 

19.0 

56.5 

XI 

1.6 

7.2 

8.7 

2.8 

12.6 

15.4 

4.3 

19.7 

24.0 

XII 

6.1 

2.8 

8.9 

10.9 

4.9 

15.8 

17.0 

7.6 

24.6 

xin 

6.2 

5.7 

12.1 

11.1 

10.0 

21.1 

17.3 

15.7 

33.0 

XIV 

6.5 

2.4 

8.9 

11.5 

4.3 

15.8 

17.8 

6.8 

24.6 

Table  3  gives  coefficients  for  the  loss  of  head  through  the 

v2 

water  column  in  terms  of  the  velocity  head  (— ).     If  n  represents 

4<7 

2 

this  coefficient,  the  loss  of  head  in  feet  equals  n^— ,   v    being  the 

^Q 
velocity  in  feet  per  second  and  g  the  acceleration  of  gravity.  The 

nominal  size  of  the  column  was  used  in  calculating  the  velocity. 
The  coefficients  give  a  good  means  of  comparing  the  losses  in  the 
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water  columns  with  the  losses  by  friction  in  supply  pipe,  bends, 
tees,  etc.  The  table  also  gives  the  equivalent  length  of  new  cast- 
iron  pipe  which  will  give  the  same  frictional  loss  as  is  found  in 
the  water  column  itself.  As  this  length  will  vary  somewhat 
with  the  velocity  of  flow,  the  tabular  values  are  based  on  a 
discharge  of  4000  gallons  per  minute. 

TABLE    3. 

COEFFICIENT  OF  Loss  OF  HEAD  IN  10-iN.  WATER  COLUMNS 

AND  THE  EQUIVALENT  LENGTH  OF  STRAIGHT  PIPE 

GIVING  THE  SAME  FRICTION  Loss. 


Designa- 

Coeffi- 
cient 

Equivalent  Length  of  Pipe 

tion 

n     in 

-v 

10-  in. 

12-in. 

14-in. 

I 
II 

6.72 

7.65 

338 

384 

791 

900 

1,690 
1,920 

III 

6.14 

308 

722 

1,540 

IV 

7.04 

354 

829 

1,770 

V 

5.41 

272 

637 

1,360 

VI 

10.20 

510 

1,195 

2,550 

VII 

11.30 

566 

1,330 

2,840 

VIII 

5.58 

280 

800 

1.400 

IX 

5.65 

284 

811 

1,420 

X 

8.83 

444 

1,040 

2.220 

XI 

3.60 

186 

437 

940 

XII 

3.67 

190 

446 

960 

XIII 

4.94 

256 

603 

1,295 

XIV 

3.67 

190 

446 

960 

TABLE    4. 

Loss  OF  HEAD  IN  10-iN.  WATER  COLUMNS. 

The  velocities  are  given  in  feet  per  second  and  the  loss  of  head  in  feet. 
These  values  may  be  considered  also  to  be  applicable  to  8-in.  and  12-in. 
water  columns.  The  loss  given  does  nob  include  the  velocity  head  of  the 
entering  water. 


Designa- 

Loss of  Head  for  Velocity  Given 
in  Caption 

tion 

10 

12 

15 

20 

I 

10.3 

14.6 

23.2 

41.4 

II 

11.7 

16.9 

26.4 

47.0 

III 

9.4 

13.5 

21.2 

37.6 

IV 

10.8 

15.5 

24.2 

43.1 

V 

8.3 

12.0 

18.7 

33.5 

VI 

15.6 

22.5 

35.1 

62.4 

VII 

17.3 

25.0 

39.0 

69.3 

VIII 

8.6 

12.3 

19.3 

34.3 

IX 

8.7 

12.5 

19.6 

34.8 

X 

13.5 

19.5 

30.4 

54.0 

XI 

5.6 

8.0 

12.6 

22.4 

XII 

5.7 

8.2 

12.9 

22.8 

XIII 

7.7 

11.1 

17.3 

30.7 

;    xiv 

5.7 

8.2 

12.9 

22.8 
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Table  4  gives  the  loss  of  head  in  10-in.  water  columns  for  four 
velocities.  It  may  be  considered  to  be  applicable  within  fair 
limits  of  accuracy  to  8-in.  and  12  in.  water  columns. 

Table  5  gives  losses  for  given  discharges  through  8-in.,  10- 
in.,  and  12-in.  water  columns.  These  tables  will  be  convenient 
for  comparison. 

TABLE    5. 

Loss  OF  HEAD  IN  WATER  COLUMNS. 

This  table  is  based  on  the  loss  found  in  10-in.  columns  and  on  the  as- 
sumption that  the  loss  of  head  at  any  given  velocity  of  water  is  the  same 
for  the  different  sizes  of  columns  of  a  given  type.  The  loss  is  given  in  feet 
of  head  of  water  and  the  discharge  in  gallons  per  minute. 


8-in. 

10-in. 

12-in. 

Designation 

2,000 

2,500 

3,000 

4,000 

4,500 

6,000 

I 

16.7 

26.0 

15.5 

27.7 

16.7 

30.0 

II 

19.0 

30.0 

17.7 

31.5 

19.0 

24.0 

III 

15.6 

24.6 

14.2 

25.3 

15.6 

28.2 

IV 

17.3 

27.0 

16.2 

29.0 

17.3 

31.0 

V 

13.5 

21.0 

12.5 

22.3 

13.5 

24.0 

VI 

25.1 

39.5 

23.5 

41.8 

25.1 

45.0 

VII 

28.0 

43.0 

26.1 

46.5 

28.0 

50.0 

VIII 

14.0 

22.0 

13.0 

23.0 

14.0 

25.0 

IX 

14.1 

22.2 

13.1 

23.3 

14.1 

25.5 

X 

22.0 

24.5 

20.3 

36.4 

22.0 

39.5 

XI 

9.5 

14.6 

8.7 

15.4 

9.2 

16.7 

xn 

9.7 

14.9 

8.9 

15.8 

9.6 

17.0 

XIII 

13.2 

20.5 

12.1 

21.1 

13.0 

22.4 

XIV 

9.6 

14.9 

8.9 

15.8 

9.6 

17.0 

10.  Comments  on  Loss  of  Head. — By  examining  the  water  col- 
umns it  may  be  seen  that  the  form  of  some  of  them  is  not  in  ac- 
cordance with  the  principles  of  good  hydraulic  design.  Sudden 
changes  in  direction,  sudden  contraction  and  expansion  of  the 
section  of  the  stream,  and  tortuous  passages  are  among  the  ob- 
jections found,  and  high  local  velocities  are  especially  troublesome. 
The  high  losses  found  in  some  of  the  water  columns  were,  there- 
fore, not  unexpected.  It  seems  probable  that  the  need  of  provid- 
ing certain  mechanical  features  was  placed  uppermost  in  making 
the  design,  and  that  the  hydraulic  requirements  were  neglected. 
Some  of  the  columns  which  have  excellent  mechanical  features 
give  high  hydraulic  losses.  It  goes  without  saying  that  both  hy- 
draulic and  mechanical  features  are  important  matters  in  the 
design  of  a  water  column.  As  an  illustration  of  modifications  in 
design  which  will  give  improved  hydraulic  conditions  without  loss 
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in  mechanical  advantages,  water  columns  XII  and  XIII  may  be 
cited,  as  compared  with  water  columns  III  and  IV. 

It  is  evident  that  the  rate  of  discharge  of  water  columns  under 
working  conditions  is  much  less  than  many  engineers  have  sup- 
posed and  that  water  columns  are  frequently  rated  too  high  in 
the  catalogs  of  manufacturers.  To  put  it  the  other  way,  the  loss 
of  head  for  a  given  discharge  is  considerably  higher  than  it  has 
been  estimated  to  be,  and  probably  higher  than  is  necessary.  A 
comparison  with  the  length  of  pipe  which  will  give  a  friction  loss 
equal  to  the  loss  through  a  10-in.  water  column  may  help  to 
give  an  appreciation  of  the  great  loss  of  head  in  the  water  col- 
umn. It  may  be  shown  that  at  a  given  discharge  the  loss  through 
a  10-in.  water  column  is  equal  to  the  frictional  loss  for  the  same 
discharge  through  a  10-in.  pipe  line  186  ft.  long  with  the  water 
column  having  the  lowest  loss  of  any  in  the  series  except  XI,  and 
566  ft.  long  with  the  one  having  highest  loss;  or  if  a  12-in.  pipe 
be  used  to  feed  the  10-in.  water  column  a  line  437  ft.  long  would 
give  the  same  friction  loss  as  the  first-named  water  column,  and 
one  1330  ft.  long  the  same  as  the  last-named  water  column.  If  it  is 
necessary  to  lift  the  water  to  a  greater  elevation  to  provide  the 
necessary  head,  it  is  evident  that  the  cost  of  pumping  water  to 
the  extra  height  and  also  the  expense  of  giving  a  greater  eleva- 
tion to  the  tanks  must  be  considerable.  Or,  to  view  it  from  an- 
other point,  the  rate  of  discharge  for  ordinary  elevations  of 
supply  tank  will  be  much  smaller  than  is  generally  expected,  and 
smaller  than  may  be  obtained  with  more  efficient  water  columns. 
The  use  of  larger  water  columns  suggests  itself  as  one  way  of 
keeping  the  lost  head  to  a  reasonable  limit,  though  it  is  reported 
that  firemen  have  some  difficulty  in  handling  some  types  of  ad- 
justable spouts  of  the  larger  columns. 

Another  indication  of  the  large  loss  through  water  columns 
is  seen  in  the  large  values  of  the  coefficient  n  given  in  Table  3. 
A  comparison  with  the  coefficients  for  the  loss  of  head  in  bends 
and  valves  brings  this  out  in  a  striking  manner. 

11.  The  Discharging  Capacity  of  Water  Columns. — Since  the 
head  available  in  a  water  column  depends  upon  local  and  other 
conditions,  and  the  economic  problem  is  so  varied,  the  selection 
of  a  limiting  or  maximum  velocity  of  flow  upon  which  general  de- 
sign may  be  based  can  not  be  made.  However,  it  is  evident  that 
the  economical  velocity  through  a  water  column  and  also  through 
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the  supply  main  will  be  much  above  the  limiting  velocity  used  in 
ordinary  water- works  practice  where  continuous  flow  throughout 
twenty-four  hours  and  the  cost  of  pumping  against  the  friction 
head  of  long  lines  of  mains  combine  to  make  the  economical  ve- 
locity less  than  5  ft.  per  second  and  sometimes  as  low  as  3  ft.  per 
second.  Aside  from  such  considerations  as  the  cost  of  pumping 
and  that  of  giving  sufficient  elevation  to  the  supply  tanks,  the 
maximum  velocity  allowable  through  a  water  column  will  de- 
pend upon  such  matters  as  the  satisfactory  operation  of  valve 
and  the  effect  of  closing  the  valve  in  producing  water  hammer  in 
the  supply  main.  From  a  study  of  these  tests  and  a  comparison 
with  water- works  practice,  it  would  seem  that  with  a  short  line 
of  pipe  from  the  supply  tank  a  velocity  of  12  or  15  ft.  per  second 
through  the  water  column  may  be  considered  as  the  maximum 
desirable  velocity  for  ordinary  conditions,  and  for  longer  lines 
the  limiting  velocity  should  be  smaller.  For  a  long  line  of  sup- 
ply main  the  limit  of  allowable  velocity  would  be  perhaps  as  low 
as  8  ft.  per  second.  It  would  seem,  then,  that  3000  gal.  per  min. 
for  an  8-in.  water  column,  4000  gal.  per  min.  for  a  10-in.  water 
column,  and  6000  gal.  per  min.  for  a  12-in.  water  column  may 
perhaps  be  considered  to  be  the  limit  of  desirable  flow  through 
water  columns.  It  would  also  appear  that  a  loss  of  much  more 
than  20  ft.  of  head  for  the  discharges  just  mentioned  may  be  con- 
sidered to  be  excessive,  under  conditions  of  ordinary  tank  supply. 

12.  Calculations  for  Water  Service  Installation. — Although  the 
calculations  involved  in  the  design  of  sizes  for  water  service 
plants  are  not  within  the  scope  of  this  bulletin,  it  may  be  conven- 
ient to  some  readers  to  include  here  a  brief  review  of  a  method 
which  may  be  used  in  making  calculations  of  sizes  of  pipe  mains 
and  loss  of  head.  The  method  here  given  follows  the  report  of 
the  Committee  on  Water  Service  of  the  American  Railway  Engi- 
neering and  Maintenance  of  Way  Association*,  the  method  being 
the  joint  work  of  Mr.  Ferriday  and  the  writers. 

The  total  head  producing  flow  (called  by  the  Committee  the 
"flow  head")  is  utilized  in  overcoming  resistances  and  is  equiva- 
lent to  the  sum  of  several  items, — velocity  head  of  the  flowing 
water,  loss  at  entrance,  friction  in  pipe,  loss  in  elbows,  etc.,  and 
loss  through  the  water  column.  This  may  be  expressed  by  the 
following  equation: 

*  See  the  Proceedings  of  the  American  Railway  Engineering  and  Maintenance  of  Way 
Association,  vol.  11,  p.  1161. 
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where  H  is  the  ''flow  head",  m  — ,er— and?i-~-  are  the  losses  in 
head  at  entrance,  in  elbows  and  tees,  and  in  the  water  column, 

2 

respectively,-^- is  the  velocity  head  of  the  issuing  water,  and  ftj 

is  the  frictional  loss  in  the  pipe  line.  The  values  Tii  and  the 
losses  in  elbows  and  tees  may  be  obtained  from  the  diagrams  in 
Fig.  11,  12,  and  13,  which  are  explained  in  the  Appendix.  For 
these  diagrams  the  units  are  feet  and  seconds.  When  the  supply 
main  and  the  water  column  are  not  of  the  same  diameter,  the  v 
to  be  used  in  the  several  terms  will  be  that  for  the  size  in  which 
the  loss  occurs. 

If  it  is  desired  to  know  the  flow  head  necessary  to  produce  a 
given  discharge,  substitute  values  in  equation  (1).  Thus,  if  6000 
gal.  per  min.  is  to  be  discharged  through  200  ft.  of  14  in.  pipe  and 
there  is  one  elbow  with  a  radius  of  curvature  equal  to  li  diam- 
eters and  if  the  water  column  used  is  a  12-in.,  Type  V,  the  fol- 
lowing values  of  the  heads  will  be  obtained,  if  we  neglect  loss  in 
contraction  of  section  from  14-in.  pipe  to  12  in.  column: 

Feet  of  head. 

«3 

Entrance  headm^-(Fig.  13,  m=  1)  2.5 

v2 
Loss  in  one  elbow  e^-  (Fig.  13)  1.1 

Loss  in  200  ft.  of  14-in.  pipe,  (Fig.  12  )  6.6 

Loss  in  water  column  (Fig.  23)  24.0 

Velocity  head  j~  (Fig.  13)  4.5 

38.7 

That  is,  it  will  require  that  the  level  of  water  in  the  supply  tank 
remain  not  less  than  38.7  ft.  above  the  level  of  the  discharge  point 
of  the  water  column. 

If  a  given  combination  of  pipe  line  and  water  column  and  a 
specified  flow  head  be  the  known  quantities  and  it  is  desired  to  find 
the  rate  of  discharge,  the  most  convenient  process  is  a  trial 
method.  Assume  a  discharge  as  close  to  the  probable  discharge 
as  may  be  estimated  and  by  equation  (1)  calculate  the  flow  head 
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required  to  give  this  discharge  with  the  combination  of  pipe  line 
and  water  column.  Divide  the  specified  flow  head  by  the  flow 
head  thus  found  by  calculation  and  call  the  quotient  the  trial 
ratio.  Multiply  the  water  column  loss  used  in  the  calculation  by 
this  ratio;  the  product  may  be  considered  an  approximation  to  the 
loss  which  will  be  found  in  the  water  column  under  the  conditions 
specified.  From  the  diagram  for  water  column  losses  find  the  dis- 
charge which  corresponds  to  this  water  column  loss.  The  amount 
so  found  will  be  approximately  the  discharge  of  the  given  combi- 
nation of  pipe  line  and  water  column.  As  a  check,  the  head  re- 
quired to  give  this  discharge  may  be  computed  by  equation  (1), 
and  if  the  result  is  not  close  enough  the  steps  indicated  may  be 
gone  through  again,  using  as  a  new  trial  ratio  the  quotient  of  the 
specified  flow  head  by  the  flow  head  obtained  by  this  calculation. 
The  result  of  the  first  calculation  will  usually  be  within  the  re- 
quired degree  of  accuracy. 

As  an  example,  let  it  be  required  to  find  the  discharge  through 
400  ft.  of  12-in.  pipe  and  a  10-in.  water  column  of  Type  VIII,  the 
line  having  two  elbows  with  radius  of  curvature  of  li  diameters 
and  the  controlling  level  of  the  water  in  the  tank  being  30  ft. 
above  the  discharge  orifice  of  the  water  column.  Assume  that 
the  discharge  will  be  3000  gal.  per  minute.  Then  the  necessary 
head  by  equation  (1)  may  be  found  as  follows: 

Feet  of  head 

vz 
Entrance  head,  m-^-  (Fig.  13,  m  =  1)  1.1 

£Q 

v2 
Loss  in  two  elbows,  e-^-  (Fig.  13)  1.0 

Loss  in  400  ft.  of  12-in.  pipe  (Fig.  12)  8.4 

Loss  in  water  column  (Fig.  29)  13.0 

Velocity  head  (10-in.)  (Fig.  13)  2.5 


Total  head  required,  26.0 

OA 

The    trial    ratio    then    is  <j-r  =  1.15,  and  the  loss  through   the 

water  column  may  be  expected  to  be  13.  OX  1.15  =  15.  Oft.  By  Fig.  29, 
the  discharge  through  the  water  column  for  a  loss  of  head  of 
15  ft.  is  3250  gal.  per  min.  Using  equation  (1)  for  a  discharge  of 
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3250  gal.  per  min.,  the  calculated  loss  is  found  to  be  29.9  ft.,  so 
that  the  discharge  of  3250  gal.  per  min.  may  be  considered  to  be 
sufficiently  close. 

Table  6  gives  examples  of  combinations  of  pipe  lines  and  water 
columns  under  assumed  conditions  of  height  of  tank  and  flow  head, 
length  of  pipe  line,  and  kind  of  water  column,  with  summarized 
results  of  calculations  of  the  discharge  and  the  distribution  of  the 
flow  head  among  pipe  friction,  loss  in  water  column,  etc. 

TABLE    6. 

EXAMPLES  SHOWING  THE  DISCHARGE  AND  THE  LOSSES  FOR  VARIOUS 
COMBINATIONS  OF  PIPE  LINES  AND  WATER  COLUMNS. 

Distances,  heads  and  losses  are  given  in  feet;  diameters  in  inches;  dis- 
charges in  gallons  per  minute. 


Depth  in 
Tank 

Tank 
Bottom 
above 
Rail. 

Pipe  Line 

Water 
Column 

Dis- 
charge 

En- 
trance 
Loss 

Ve- 
locity 
Head 

El- 
bow 
Loss 

Pipe 
Fric- 
tion 

Col- 
umn 
Loss 

Total 

Length 

Diam 

Dia. 

Des. 

16.0 

20.0 

1000 

12 

10 

V 

2  370 

0.7 

1.5 

0.5 

13.5 

7.8 

24.0 

5.0 

20.0 

1000 

12 

10 

V 

1  700 

0.3 

0.7 

0.4 

7.6 

4.0 

13.0 

16.0 

20.0 

1000 

14 

10 

V 

2  880 

0.6 

2.3 

0.5 

9.1 

11.5 

24.0 

5.0 

20.0 

1000 

14 

10 

V 

2  110 

0.4 

1.1 

0.3 

5.1 

6.2 

13.0 

16.0 

20.0 

1000 

12 

12 

V 

2  690 

0.8 

0.8 

0.7 

17.0 

4.7 

24.0 

16.0 

20.0 

1000 

14 

12 

V 

3  500 

0.9 

1.5 

0.8 

12.8 

8.0 

24.0 

16.0 

20.0 

1000 

16 

12 

V 

3  950 

0.6 

1.8 

0.6 

8.7 

10.4 

24.0 

5.0 

20.0 

1000 

16 

12 

V 

2  950 

0.4 

1.2 

0.3 

5.2 

5.9 

13.0 

16.0 

20.0 

1000 

14 

10 

XII 

3  070 

0.8 

2.5 

0.5 

10.0 

9.3 

23.2 

16.0 

20.0 

1000 

14 

10 

VI 

2  410 

0.5 

1.6 

0.4 

6.5 

15.0 

24.0 

16.0 

20.0 

500 

10 

10 

XII 

2  250 

1.4 

1.4 

1.3 

14-1 

5.0 

23.2 

16.0 

20.0 

500 

12 

10 

XII 

2  950 

1.1 

2.3 

0.8 

10.3 

8.7 

23.2 

16.0 

20.0 

500 

14 

10 

XII 

3  490 

0.7 

2.8 

0.7 

6.4 

12.0 

23.2 

16.0 

20.0 

500 

14 

10 

VI 

2  580 

0.5 

1.9 

0.5 

3.7 

17.4 

24.0 

16.0 

20.0 

200 

10 

10 

XII 

2  830 

2.2 

2.2 

2.0 

8.8 

8.0 

23.2 

16.0 

20.0 

200 

12 

10 

XII 

3  450 

1.4 

2.4 

1.3 

5.4 

11.7 

23.2 

16.0 

20.0 

200 

14 

10 

XII 

3  800 

1.0 

3.8 

0.9 

3.0 

14.4 

23.2 

16.0 

20.0 

200 

14 

10 

VI 

2  720 

0.6 

2.0 

0.5 

1.7 

19.2 

24.0 

16.0 

20.0 

100 

10 

10 

XII 

3  160 

2.4 

2.7 

2.8 

5  4 

9.9 

23.2 

16.0 

20.0 

100 

12 

10 

XII 

3  690 

1.8 

3.5 

1.5". 

3.0 

13.4 

23.2 

16.0 

20.0 

100 

14 

10 

XII 

3  910 

I.I 

4.1 

1.1 

1.6 

15.3 

23.2 

16.0 

32.0 

1000 

14 

10 

V 

3  560 

1.0 

3.4 

0.8 

13.2 

17.6 

36.0 

16.0 

32.0 

500 

14 

10 

XII 

4  300 

1.4 

5.0 

1.1 

9.3 

18.4 

35.2 

16.0 

82.0 

200 

12 

10 

XII 

4  280 

2.3 

4.8 

2.1 

7.8 

18.2 

35.2 

16.0 

32.0 

100 

12 

10 

XII 

4  520 

2.7 

5.4 

2.3 

4.4 

20.4 

35.2 

16.0 

32.0 

100 

14 

10 

XII 

4  870 

1.6 

6.2 

1.5 

2.3 

23.6 

35.2 

16.0 

32.0 

100 

14 

10 

VII 

3  160 

0.8 

2.7 

2.4 

1.1 

29.0 

36.0 

16.0 

32.0 

100 

14 

12 

XII 

6  500 

2.9 

5.5 

2.6 

4!g 

20.2 

35.2 

13.  Principles  of  Water  Hammer  Caused  by  Sudden  Stoppage  of 
Flow.* — When  a  valve  at  the  end  of  the  pipe  line  is  suddenly 
closed,  additional  water  pressure  is  produced  throughout  the  pipe 
line.  Some  of  the  conditions  and  results  attending  the  pheno- 
mena may  be  briefly  stated  as  follows: 


*  A  bulletin  of  the  Engineering  Experiment  Station  on  Water  Hammer  in  Pipes  is  in  prepara- 
tion and  will  treat  more  fully  the  matters  referred  to  in  this  article. 
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(1)  The  energy  of  the  moving  water  is  expended  in  compress- 
ing the  water  in  the  pipe  and  in  expanding  the  walls  of  the  pipe. 

(2)  An  increased  pressure  is  developed  within  the  pipe,  and 
the  increase  of  pressure  is  called  water  hammer. 

(3)  The  water  next  to  the  valve  is  immediately  stopped  and 
the  full  amount  of  water  hammer  is  developed  instantly  at  that 
point,  the  term  "instantly"  being  here  used  to  mean  a  very  short 
time. 

(4)  The  amount  of  this  water  hammer  in  pounds  per  square 
inch  in  pipes  of  the  size  and  kind  here  considered  is  about  fifty- 
four  times  as  much  as  the  original  velocity  of  the  water  in  feet 
per  second. 

(5)  The  water  in  the  pipe  away  from  the  valve  is   stopped 
and  compressed  layer  by  layer,  the  full  amount  of  the  water  ham- 
mer developing  almost  instantly  at  any  point  as  soon  as  the  water 
between  that  point  and  the  valve  has  received  its  compression. 

(6)  This  pressure  wave  or  impulse  of  the  water  hammer  (and 
the  time  when  each  layer  receives  its  compression)  moves  along 
the  pipe  Hne  away  from  the  valve  with  a  speed  of  about  4000  ft. 
per  sec.  for  the  size  of  pipe  ordinarily   used  in   supply   mains. 
The  rate  of  travel  is  the  same  as  the  velocity  of  sound  in  water 
as  modified  by  the  thickness  and  elasticity  of  the  walls  of  the  pipe. 

(7)  When  a  pressure  wave  has  traveled  to  a  free  water  sur- 
face or  to  a  larger  body  of  water,  a  release  of  pressure  begins  at 
this  relief  point  and  travels  backward  at  the  same  speed,  about 
4000  ft.  per  sec.     The  water  at  any  point  in  the  pipe  is  held  at 
its  full  water  hammer  pressure  while  this  impulse   or   pressure 
wave  travels  on  to  the  point  of  release  and  back.     At  the  valve 
the  pressure  will  last  the  longest.     Thus  for  a  pipe  2000  ft.  long, 
the  water  hammer  pressure  at  the  valve  will  be  maintained  for 
one  second. 

(8)  This  first  pressure  or  first  pulsation  of  pressure  is  fol- 
lowed by  a  series  of  pulsations   of  diminishing  intensity.     The 
water  in  the  pipe  may  be  considered  as  a  springy  substance  bound- 
ing and  rebounding  from  the  closed  end. 

(9)  The  pressure  developed  when  closure  is  sudden,  is  ex- 
pressed by  the  formula,  the  derivation  of  which  will  not  be  given 
here: 
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P  = 


1  I  Ed 

\      ~w~t 


in  which 

P  =  water  hammer  pressure  (Ib.  per  sq.  in.),  the 
maximum  additional  pressure  for  a  given  veloc- 
ity of  flow. 

v  =  the  velocity  of  the  water  in  the  pipe  before  valve 
was  closed  (ft.  per  sec.) 

E  —  modulus  of  elasticity  of  the  water  (300  000  Ib.  per 
sq.  in.) 

E'  =  modulus  of  elasticity  of  the  metal  in  pipe  (30  000- 
000  Ib.  per  sq.  in.  for  steel  and  15  000  000  Ib.  per 
sq.  in.  for  cast  iron.) 

d  =  diameter  of  pipe. 

t  =  thickness  of  pipe  wall. 

g  =  acceleration  of  gravity  (32.2  ft.  per  sec.  per  sec.) 

w=  weight  of  a  cubic  unit  of  water  (62.5  Ib.  per  cu.  ft.) 

For  cast-iron  pipe  of  the  sizes  used  as  supply  lines  the  for- 
mula reduces  to  approximately 

P=  54  v  ............................  (3). 

(10)  By  sudden  closing  of  the  valve  is  meant  that  the  effec- 
tive part  of  the  closure  takes  place  in  less  than  the  time  required 
for  the  first  impulse  to  travel  to  the  tank  and  back  to  the  valve 
at  a  rate  of  approximately  4000  ft.  per  sec.  This  velocity  (  V) 
of  the  pressure  wave  is  given  by  the  formula 

=  .     471Q      .................................  (4). 


\  E't 

The  effective  part  of  the  closure  begins  when  the  resistance 
through  the  valve  opening  becomes  large  enough  to  give  a  consider- 
able check  to  the  flow  of  water.  For  the  water  columns  under 
consideration,  the  effective  part  of  the  closure  may  be  said  to  be 
the  last  15  %  to  25  %  of  the  valve  movement. 
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(11)  The  length  of  the  pipe  line  does  not  enter  into  the  ex- 
pression for  the  amount  of  water  hammer  developed  by  sudden 
closure  of  the  valve.  It  does  affect  the  length  of  the  time  the 
water  is  under  compression  and  hence  in  a  way  the  damage  which 
may  be  done.  The  length  of  pipe  line  is  of  importance  in  the 
problem  in  that  if  the  valve  is  closed  in  a  shorter  length  of  time 
than  is  necessary  for  the  wave  to  travel  out  and  back,  the  result- 
ing water  hammer  is  the  same  as  that  which  would  be  obtained 
with  instantaneous  closing  of  the  valve.  The  pressure  produced 
when  the  valve  closure  is  slow  is  discussed  in  a  later  paragraph. 

14.  The  Effect  of  Valve  Movement  Upon  Pressure. — The  follow- 
ing theoretical  investigation  will  assist  in  obtaining  an  idea  of 
what  is  taking  place  in  the  supply  line  after  the  valve  is  closed,  first 
for  the  case  of  slow  closure,  and  second  for  the  case  of  sudden 
closure.  In  a  long  line  of  pipe  when  steady  flow  has  become 
established, 

I       V2       ,          V2       ,          V^__     ,          V^      ,       tf_  ,-} 

2g    '  J  d   2g        6  2g        U2g        q2g         2g 


in  which  q  is  the  coefficient  of  valve  loss,  a  variable  whose  value 

v2 
depends  upon  the  amount  the  valve  is  closed;  m^-    is    entrance 

loss,  /—  ^-  the  loss  in  pipe  friction,  e^-  the  loss  in  elbows,  n-~- 

v2 
the  column  loss  and  ^—  the  velocity  head.     For  simplicity  place 

m  -\-  f— — \-  e  -{-  n  -}-  ~L  —  a, 
Then 


and 


V    =    A  I      ~"^  ^' 

\     a+  q 

It  will  be  noticed  that  the  velocity  of  flow  produced  by  the 
head  H  depends  upon  both  a  and  q.  As  an  illustration,  it  has  been 
found  that  for  a  gate  valve  82  %  closed  q  =  41.  Then  if 
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a  =  13.7,  the  velocity  in  the  pipe  after  steady  flow  has  become 
established  will  be  i  of  the  velocity  in  the  pipe  when 
the  valve  is  open;  if 

a  =    53.0,  the  velocity  will  be  t  of  that  with  valve  open;  if 
a  —  175.6,  the  velocity  will  be  -&•  of  that  with  valve  open. 

These  values  show  that  the  velocity  of  flow  is  affected  but  little  in 
a  long  pipe  during  the  first  80  °/o  of  the  closing  of  the  valve,  the 
three  values  of  a  corresponding  to  lengths  of  12-in.  pipe  of  685  ft., 
2660  ft.,  and  8800  ft.,  respectively.  In  Fig.  4  have  been  plotted 
the  results  of  calculations  with  equation  (7),  using  Weisbach's  val- 


showing    how  re/oc/fy  in 
a  jo/joe  diminishes  w/fh  a  very  s/ow 
c/osure  of  the  vatre     -for  several 
va Joes  of  a 


40        30       6O       70        8O 

CLOSURE  Or~  VALl/E 
FIG.  4.     DIAGRAM  SHOWING  THE  VELOCITY  IN  PIPE  LINES  OF  VARIOUS 
LENGTHS  FOR  ANY  VALVE  POSITION,— STEADY  FLOW  CONDITIONS. 

ues  of  q  for  gate  valves  and  five  values  of  a.  The  curves  show 
how  the  velocity  in  the  pipe  diminishes  as  a  very  slow  closure  of 
valve  is  made,  the  total  head  remaining  constant.  To  use  the 
diagram,  the  value  of  a  for  the  pipe  line  should  be  computed.  As 
an  illustration,  for  a  12-inch  pipe  line  500  ft.  long,  with  four  elbows 
and  with  a  10-inch  water  column,  a  equals  12.4,  and  the  values  may 
be  interpolated  between  the  lines  a  =  10  and  a  =  20.  It  should 
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be  noted  that  a  should  be  computed  using  a  velocity  head  based 
upon  a  diameter  of  pipe  equal  to  the  size  of  the  pipe  line. 

When  the  valve  is  closed  quickly,  equation  (7)  does  not  apply 
because  a  water  hammer  pressure  is  produced  which  forces  the 
water  past  the  valve  and  hence  keeps  the  velocity  in  the  pipe  at  a 
higher  value  than  it  would  have  during  a  very  gradual  closure. 

21 
If  the  valve  is  closed  in  less  time  than  seconds,    it  may  be 

4:000 

considered  a  sudden  closure,  and  the  velocity  in  the  pipe  near  the 
valve  at  any  valve  position  can  be  computed  as  follows.  During 
a  partial  closure,  the  value  of  the  valve  coefficient  q  has  changed 
from  qi  to  #2,  and  the  head  or  resistance  at  the  valve  (neglecting 
the  back  pressure  from  the  water  column  itself)  is  now 


Call  the  velocity  vs  after  the  now  has  become  steady.     The  pres- 
sure at  the  valve  at  that  time  becomes 


vs  can  be  computed  from  equation  (7)  when  q.2  is  known,  whatever 
the  position  of  the  valve. 

From  equations  (8)  and  (9) 

-  .............       ..................  (10) 


If  the  velocity  was  originally  v0  the  water  hammer  generated 
would  be 

P  =  54  (v0—  v)  ..................................  (11) 

Substituting  for  P  in  equation  (10), 


*8 

or 

54  W 


v 


Knowing  v,  P  can  be  found  from  equation  (8). 

If  the  values  of  q  are  known  for  any  valve,  the  manner  of 
increase  of  pressure  during  a  rapid  closing  of  the  valve  can  be 
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easily  determined.  In  Fig.  5  have  been  plotted  the  results  of  cal- 
culations with  equations  (8)  and  (12)  using  Weisbach's  values  of  q 
for  gate  valves.  The  curve  shows  the  way  in  which  the  velocity 


Curve  ,5/iow/ng  how  re/oc/fy   of 
the  wafer  /n  the  pipe  near  the  valve 
diminishes   during  a  sudden   closure 
of  the  valve. 


2O       3O        4-0        3O       6O       7O         80        90        100 
PERCENTAGE    CLOSURE  OF    VALVE 

FIG.  5.     DIAGRAM  SHOWING  VELOCITY  IN  A  PIPE  LINK  FOR  ANY  VALVE: 
POSITION  DURING  A  SUDDEN -CLOSURE  OF  VALVE. 

of  the  water  in  the  pipe  near  the  valve  diminishes  during  a  sud- 
den closure  of  the  valve.  Note  that  the  velocity  is  80  per  cent 
of  its  original  value  when  valve  is  90  per  cent  closed. 

In  Fig.  6  are  curves  worked  out  with  equations-  (7)  and  (8)  for 
pipe  of  various  lengths.  These  curves  show  the  amount  of  pres- 
sure or  resistance  developed  during  a  very  slow  closure  of  a  gate 
valve  for  different  values  of  a.  Note  that  for  very  long  pipe  lines, 
the  pressure  against  the  valve  (resistance  of  valve  opening)  does 
not  become  any  considerable  proportion  of  the  total  flow  head 
until  the  valve  is  more  than  90  per  cent  closed.  In  short  pipe 
lines,  closure  of  the  valve  is  felt  much  earlier,  as  is  seen  in  the 
curves  for  the  smaller  values  of  a. 

Fig.  7  shows  how  the  pressure  would  rise  in  a  pipe  of  any 
length  if  the  valve  is  closed  suddenly.  The  length  of  pipe  need 
not  be  considered  because  it  does  not  enter  into  equations  (8)  and 
(12). 
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Curves  jhotv/nr  hotv  pressure  in  f/)e 
ppe     ncreases    during  a  very 
c/0svr&  of  /he   <?trfe  rcr/re  for  severer/ 
va/ues   of  CJ 


/O 


9O       tOO 


^O       3O        4O       SO       60        7O       8O 
PERCENTAGE  CLOSURE  OF  l/AL  VE. 

FIG.  6.     DIAGRAM  SHOWING  PRESSURE  ON  GATE  VALVE  AT  END  OF  PIPE 

LINE  FOR  ANY  VALVE  POSITION,  AND  FOR  VARIOUS  LENGTHS 

OF  PIPE— STEADY  FLOW  CONDITIONS. 


100 


Curve   showing  how  fhe   pressure 
in   a  gate     va/ve'     increases    during 
a  sudden    c/osure. 


O        IO        ZO       3O       4O       5O       6O       7O       60        9O     /OO 

PERCENTAGE  CLOSUPE  OF  VALVE 

FIG.  7.    DIAGRAM  SHOWING  PRESSURE  ON  GATE  VALVE  AT  END  OF  PIPE 
LINE  FOR  ANY  VALVE  POSITION  DURING  A  SUDDEN  CLOSURE. 
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35.  Time-pressure  and  Valve-movement-pressure,  Diagrams. — 
The  valve  A  (Fig.  1,  page  6)  was  partially  closed,  so  as  to  give 
added  resistance  to  flow  in  the  pipe  line.  As  valve  E  closes  it 
consumes  more  and  more  of  the  pressure  until  the  entire  static 
pressure  is  taken.  Observations  were  first  made  with  valve  A 
slightly  closed.  The  valve  A  was  then  closed  somewhat  more 
and  another  experiment  made.  The  pressure  at  C  was  recorded 
by  a  Crosby  imdicator  in  two  ways:  (l)  on  a  drum  rotating  at  a 
uniform  rate,  (2)  with  the  drum  connected  by  a  cord  to  the  valve 
mechanism  and  moving  as  the  valve  moved.  An  electric  attach- 
ment recorded  half  seconds  on  both  forms  of  diagram.  Fig.  8 
and  9  (page  28  and  29)  give  the  results  of  the  tests  made  in  this 
way.  The  diagrams  are  here  called  (1)  time-pressure  diagrams 
and  (2)  valve-movement-pressure  diagrams,  respectively. 

Under  the  conditions  of  flow 

"  &  4 

rt 

where  &-^-  represents  all  losses  except  that   due   to  the  water 
&Q 

column  valve.     Hence 


which  is  similar  to  equation  (7). 

By  means  of  the  valve  A  any  value  of  &  can  be  obtained,  and 
as  &  is  similar  to  a  in  equation  (7),  a  diagram  can  be  produced 
which  will  represent  the  manner  in  which  pressure  rises  in  any 
pipe  line.  The  valve-movement-pressure  diagrams  are  similar 
to  the  curves  in  Fig.  6  (page  25).  It  will  be  noted  from  Fig.  6 
that  there  is  not  much  change  in  the  shape  of  the  pressure  curve 
when  a  is  greater  than,  say,  40.  It  was  not  possible  to  obtain 
this  form  of  diagram  from  some  of  the  hydraulically  operated 
valves  because  the  moving  parts  are  not  accessible.  It  will  be 
noticed  on  diagrams  of  water  columns  I,  II,  III,  IV,  V,  and  XIV, 
shown  in  Fig.  9,  that  the  rise  does  not  begin  until  the  valve  is 
nearly  95  per  cent  closed.  From  Fig.  6  it  is  seen  that  with  a  gate 
valve  in  a  pipe  line  which  has  a  even  as  high  as  1000  the  pressure 
begins  to  rise  at  90  per  cent  closure.  The  difference  can  be  ex- 
plained by  the  construction  of  the  valves.  A  cylinder  valve  closes 
•off  a  much  larger  fraction  of  total  area  in  the  last  10  per  cent  of 
the  closure  than  does  a  gate  valve.  In  column  VII  it  is  seentha^ 
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the  pressure  begins  to  rise  at  40  per  cent  of  the  closure.  This 
was  caused,  at  least  in  part,  by  the  very  short  valve  travel.  The 
travel  in  this  case  was  so  short  that  some  of  the  great  loss  of 
head  for  this  column  must  be  attributed  to  the  smallness  of  the 
opening. 

The  time- pressure  diagrams  were  obtained  for  all  the  water 
columns  and  are  shown  in  Fig.  8.  A  study  of  these  shows  that 
except  in  water  columns  XII  and  XIII  a  very  short  time  is  used 
for  what  may  be  called  the  effective  portion  of  closure — that  is 
the  portion  of  the  closure  which  produces  the  principal  retarda- 
tion of  the  water  in  the  pipe.  Columns  I  and  II  use  17  seconds 
for  closing,  and  the  effective  portion  of  closure  occupies  only  a 
little  more  than  one  second.  With  a  pipe  line  2000  feet  long  or 
more,  great  water  hammer  pressures  would  be  produced  unless 
prevented  by  a  relief  valve.  Columns  XII  and  XIII  have  the 
first  portion  of  the  closure  made  very  rapidly,  and  the  last  or  the 
effective  portion  of  the  closure  is  made  very  slowly.  It  may  be 
seen  from  Fig.  9  that  in  one  experiment  with  columns  XII  and 
XIII  the  first  83%  of  the  closure  was  made  in  2  sec.,  and  the  rest 
of  the  closure  was  made  in  11  sec.  In  its  effect  upon  water  ham- 
mer this  is  the  same  as  closing  the  valve  at  a  uniform  rate  in  65 
sec.  instead  of  in  the  13  sec.  which  was  actually  used;  columns 
III,  IV,  V,  IX,  and  X  make  the  effective  portion  of  closure  in  about 
I  second.  A  supply  line  1000  feet  lon'g  would  be  liable  to  have 
destructive  water  hammer  unless  protected  by  relief  valves. 
Columns  VI  and  VIII  are  hydraulically  operated,  and  both  show 
that  the  closure  is  hastened  by  an  increased  pressure  in  the  sup- 
ply line.  Column  VI  has  3  seconds  for  the  shortest  effective  por- 
tion of  closure  shown  on  diagram.  Triangular  ports  are  the  rea- 
son in  this  case  for  the  comparatively  long  time  of  effective  clos- 
ure. The  valve  must  move  a  relatively  large  amount  near  the 
end  of  the  closure  to  cover  up  a  given  area  of  port.  A  disadvan- 
tage of  the  triangular  port  may  be  seen  by  a  comparison  of  the 
loss  of  head  with  column  X  which  is  similar  in  almost  every  re- 
spect but  has  rectangular  ports.  At  4000  gal.  per  min.  29  feet 
of  head  are  lost  in  the  valve  of  column  VI  against  24.4  feet  in 
valve  of  column  X. 

16.  Application  to  Formation  of  Water  Hammer  in  Supply 
Lines. — The  supply  line  used  in  the  experiments  was  too  short  to 
permit  water  hammer  to  be  developed  to  any  extent.  The  time- 
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pressure  and  valve -movement- pressure  diagrams  give  informa- 
tion from  which  the  formation  of  water  hammer  in  supply  lines 
may  be  forecast. 

(1).  Velocities  as  high  as  15  ft.  per  sec.  in  the  supply  line 
of  a  water  column  are  not  uncommon,  while  a  velocity  as  high  as 
10  ft.  per  sec.  is  quite  usual.  With  such  large  quantities  of  water 
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flowing  it  is  necessary  that  the  water  column  be  shut  off  promptly 
when  the  locomotive  tender  is  full.  The  time  required  in  closing 
the  valves  experimented  upon  ranged  from  3  to  17  seconds,  most 
of  the  valves  closing  in  less  than  8  seconds.  The  high  velocity 
and  the  short  time  of  closure  make  destructive  water  hammer 
possible  unless  means  are  used  to  prevent  it.  With  a  velocity  of 
10  ft.  per  sec.  in  the  supply  line,  540  Ib.  per  sq.  in.  water  hammer 
is  possible. 
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FIG. 9.  VALVE-MOVEMENT-PRESSURE  DIAGRAMS. 
(2).  From  an  examination  of  the  time- pressure  and  valve- 
movement-pressure  diagrams  (Fig.  8  and  9)  it  will  be  noted  in  almost 
all  the  makes  that  the  pressure  does  not  begin  to  rise  rapidly  un- 
til the  valve  is  about  ninety  per  cent  closed  and  until  only  a  very 
short  time  remains  before  valve  is  completely  closed.  Water 
column  VII  (Mansfield)  is  an  exception.  The  remaining  part  of 
the  closure  is  the  effective  portion  of  closure. 
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(3).  If  the  time  in  seconds  taken  by  the  effective  portion  of 
the  closure  is  equal  to  or  less  than  twice  the  length  of  the  supply 
line  in  feet  divided  by  4000,  maximum  water  hammer  will  be 
caused.  If  there  is  no  relief  valve  or  other  device  for  reducing 
the  water  hammer,  the  pressure  in  pounds  per  square  inch  will 
be  approximately  54  times  the  velocity  of  the  water  in  feet  per 
second  in  the  supply  line  before  shutting  valve. 

(4).  If  the  time  in  seconds  taken  by  the  effective  portion  of 
the  closure  is  greater  than  twice  the  length  of  the  supply  line  in 
feet  divided  by  4000,  maximum  water  hammer  will  not  be  caused. 
The  magnitude  of  the  pressure  will  depend  upon  the  manner 
in  which  the  last  part  of  the  closure  is  made. 

(5).  It  is  immaterial  how  quickly  the  first  eighty  per  cent  or 
so  of  the  closure  is  made.  By  making  this  part  of  the  closure  in 
less  time,  the  time  saved  can  be  used  in  making  the  last  part  of 
the  closure  more  gradual.  For  example,  assume  that  a  valve  is 
closed  at  a  uniform  rate  in  10  sec.  Reducing  the  time  of  making 
eighty  per  cent  of  the  closure  to  4  sec.  and  making  the  last  twenty 
per  cent  of  the  closure  in  6  sec.  keep  the  total  time  of  closure  at 
10  sec. ,  but  its  effect  on  water  hammer  is  the  same  as  if  a  uniform 
closure  were  made  in  30  sec. 

This  statement  which  was  formulated  before  the  later  tests 
were  made  is  well  exemplified  in  an  experiment  with  water  column 
XII  in  which  the  first  83  %  of  closure  was  made  in  2  sec. ,  and  the 
last  17%  of  closure  in  11  sec.  (See  Fig.  8  and  9,  page  28  and  29.) 

17.  Pressures  Produced  by  Slow  Closure  of  Valve. — In  some 
of  the  preceding  paragraphs  the  water  hammer  produced  by  sud- 
den closure  of  valve  was  discussed.  When  the  time  taken  to 
make  the  effective  part  of  the  valve  closure  is  greater  than  the 
time  required  for  the  pressure  wave  to  make  a  circuit  out  and 
back,  the  amount  of  water  hammer  will  be  less  than  given  by  the 
formula  for  maximum  water  hammer.  In  case  the  time  taken  for 
closure  becomes  so  much  greater  that  the  pressure  at  the  valve 
is  hardly  more  than  the  resistance  which  the  partially  closed 
valve  gives  to  the  passage  of  the  amount  of  water  carried  at  a 
given  instant  (and  hence  no  real  water  hammer  is  produced  or  so 
little  that  it  need  not  be  considered),  the  problem  is  of  a  quite 
different  nature.  The  following  method  for  determining  the  ef- 
fect of  slow  closure  may  be  used. 
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Prom  the  principle  of  impulse  and  momentum, 


where 

P  =  resultant  pressure  in  Ib.  per  sq.  in.  a*  any  instant. 
t  —  time  in  seconds. 

v  —  velocity  in  pipe  in  ft.  per  sec.  at  any  instant. 
I  —  length  of  pipe  in  feet. 

For  very  short  intervals  of  time  and  small  changes  of  veloc- 
ity, the  approximate  form  may  be  used: 

P  (t  —  tf)  =  0.0135  I  (v  -  v  '  )  ...............  (15) 

If  the  law  of  the  valve  movement  and  the  corresponding  valve 
resistance  during  closure  are  known,  (that  is,  if  the  time-pressure 
diagram  and  the  valve-movement-pressure  are  given,  or  if  the 
coefficients  of  valve  resistance  and  the  law  of  valve  closure  are 
known),  the  pressures  produced  during  slow  closure  may  be  cal- 
culated approximately  by  the  use  of  equations  (8)  and  (15).  As 
an  illustration,  the  additional  pressures  developed  in  a  10-in.  pipe 
line  1000  ft.  long  with  flow  head  of  45  ft.  have  been  calculated,  by 
an  equation  not  given  here,  .for  a  cylindrical  valve  for  various 
times  of  closing  at  a  uniform  rate  and  plotted  in  Fig.  10. 
If  the  valve  does  not  close  at  a  uniform  rate  throughout  and  if 
the  rate  of  closure  through  the  portion  which  gives  fairly 
high  valve  resistance  may  be  considered  as  uniform  (say  the 
last  15%  of  valve  movement),  the  diagram  of  Fig.  10  may  be 
made  to  apply  fairly  closely  by  dividing  the  time  of  making 
the  effective  portion  of  the  closure  by  0.15  (or  whatever  the 
proportional  closure  is  for  the  effective  portion  of  closure) 
and  using  the  quotient  as  the  full  time  of  closure.  It  will  be 
seen  that  considerable  pressure  is  developed  even  with  long- 
time closure.  For  gate  valves  a  similar  method  of  computation 
may  be  used. 

If  the  resistance  of  the  valve  through  the  last  part  of  closure 
were  maintained  in  such  a  way  that  P  would  remain  constant,  the 
time  required  to  make  this  part  of  the  closure  would  be 


It  is  not  practicable  to  obtain  such  a  valve  movement.     For  ordi- 
nary methods  of  closing,  the  pressure  will  necessarily  be  variable 
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and  the  maximum  pressure  will,  in  general,  be  larger  than  that 
given  by  this  equation.      The  dotted  curve  of  Fig.  10  gives  the 
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CYLINDRICAL  VALVE  AT  A  UNIFORM  BATE. 

pressures  calculated  by  equation  (16).  In  this  diagram,  the  ab- 
scissas represent  the  full  time  of  closing  the  valve.  If  the  effect- 
ive portion  of  closure  be  considered,  i.  e.,  the  portion  which  gives 
relatively  high  resistances,  the  corresponding  full  time  of  closure 
at  uniform  rate  should  be  used  as  the  abscissa;  thus,  if  the  effec- 
tive portion  of  closure  is  the  last  one- sixth  of  the  valve  movement, 
and  this  is  made  at  a  uniform  rate  in  five  seconds,  the  pressure 
found  by  equation  (16)  may  be  taken  from  the  dotted  line  of  the 
diagram  by  using  30  seconds  as  the  time.  Even  with  this  inter- 
pretation, the  formula  is  not  accurate.  Equation  (16)  has  often 
been  applied  to  cases  of  sudden  closure  of  valve,  an  incorrect 
application  unless  modified  by  the  springiness  of  the  water  and 
pipe. 

18.  tiize  of  Relief  Valve. — It  is  the  purpose  of  this  article  to 
indicate  a  rational  method  of  obtaining  the  size  of  opening  required 
for  the  relief  valve. 

Let  the  velocity  in  the  supply  line  be  represented  by  v.  Con- 
sider that  the  relief  valve  keeps  the  pressure  down  to  some  value 
P  Ib.  per  sq.  in.  above  static  pressure,  and  that  p  is  static  pres- 
sure. The  pressure  P  may  be  considered  to  be  generated  accord- 
ing to  the  law  of  water  hammer.  To  produce  this  pressure  P, 
then,  the  velocity  in  the  pipe  must  be  reduced  by  an  amount  v'. 
The  formula  for  pressure  produced  by  water  hammer  may  be 
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written  P  =  hv ' ,  where  h  is  the  coefficient  by  which  the  change  in 
velocity  v'  is  multiplied  to  find  the  pressure  produced;  h  may  be 
called  54  for  the  pipes  ordinarily  used  for  supply  lines.  The 

p 
velocity  in  the  pipe  is  now  v —  feet   per   second.      The  water 

must  now  all  flow  through  the  relief  valve.  The  pressure  at  this 
point  is  Plb.  per  sq.  in.  above  static  pressure  or  2.3  P  feet  of  head. 
If  A  is  area  of  pipe,  a  the  area  of  relief  valve  and  c  the  coefficient 
of  discharge  of  the  relief  valve,  then 


A  (v—  —)  =  ca,l/2gx2.3(P-fp) 
A  (t;--    ) 


a= 


(17) 


c     4.60  (P+p) 

Substituting  h  =  54  and  simplifying, 

P 


(18) 


12.  2c 

The  value  of  the  coefficient  of  discharge  c  of  the  relief  valve 
depends  upon  the  shape  and  amount  of  opening  and  upon  the  con- 
ditions just  inside  the  valve;  the  valve  may  open  freely  into  air, 
or  the  passages  may  be  constricted  at  places  before  reaching  the 
outlet,  conditions  which  will  cause  great  differences  in  the  coeffi- 
cient of  discharge.  The  coefficient  of  discharge  may  be  deter- 
mined by  blocking  the  valve  open  and  testing  its  discharging 
capacity  separate  from  the  water  column  itself.  The  range  of 
the  coefficient,  based  on  the  nominal  size,  is  from  0.2  to  0.6.  If 
the  outlet  is  constricted  it  will  be  less. 

To  illustrate  the  use  of  the  formula,  assume  a  long  supply  line 
in  which  maximum  water  hammer  is  likely  to  occur.  Assume  a 
velocity  of  10  feet  per  second,  and  that  it  is  desired  to  limit  the 
maximum  pressure  to  50  pounds  per  square  inch  above  the  static 
pressure  of  30  pounds  per  square  inch.  Assume  c  =  0.3. 


10  - 

54 


a  = 


12.2x0.3  V 50+30 
a  =  0.44  A 
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If  the  supply  line  was  12  inch  pipe,  the  effective  area  of  re- 
lief valve  should  be  0.44  x  —  x  144=49.6  square  inches  when  the 

valve  is  fully  open. 

This  method  has  had  experimental  verification. 

In  connection  with  the  subject  of  relief  valves,  attention  may 
well  be  called  to  the  internal  relief  valve  in  water  columns  V  and 
XIV.  The  relief  valve  forms  the  seat  for  the  cylindrical  valve  of 
the  water  column.  The  location  of  the  relief  valve  is  a  favorable 
one,  and  the  size  is  adequate. 

19.  Summary. — The  following  comments  on  the  work  are 
offered. 

1.  The  tests  give  the  loss  of  head  for  various  rates  of  dis- 
charge in  the  principal  types  of  locomotive  water  columns  in  use 
in  the  United  States.     The  loss  through  the  valve  and  through 
the  riser  of  the  water  columns  were  each  determined. 

2.  At  a  discharge  of   4000  gal.  per  min.  the  loss  of  head 
through  the  water  columns  ranged  from  15.4  ft.   of  head  to  46.5 
ft.  of  head.     The  resistance  to  flow  is  surprisingly  high, — much 
higher  than  has  usually  been  estimated.     It  is  evident  that  the 
discharge  of  water  columns  under  working  conditions  is  smaller 
in  many  cases  than  has  been  estimated.     It  is  worth  noting  that 
the  water  columns  which  give  high  resistances  include  types  which 
are  used  in  large  numbers  by  the  railroads  of  the  country. 

3.  A  comparison  with  the  frictional  losses  through  pipes  and 
elbows  will  help  to  give  a  fuller  conception  of  this  high  loss  of 
head.     For  the  water  column  which  gave  the  highest  resistance, 
the  loss  of  head  is  equal  to  the  frictional  loss  for  the  same  dis- 
charge through  a  10-in.  line  of  straight  pipe  566  ft.  long.     Similar- 
ly this  loss  is  25  times  as  much  as   that  through  a  10-in.   elbow. 
To  get  an  adequate  discharge  through  such  a  water  column  will 
require  a  greater  elevation  of  tank  and  involve  a  larger  expense 
in  pumping  than  is  necessary. 

4.  An  examination  of  some  of  the  types  shows  that  the  forms 
of  the  valves  and  passages  do  not  accord  with  the  principles  of 
good  hydraulic  design.     Sudden  change  in  direction,  sudden  con- 
traction and  expansion  of  the  section  of  the  stream,  and  tortuous 
passages  are  among  the  objections  to  be  found,  and  high  local 
velocities    are    especially   troublesome.     Mechanical  features  of 
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construction,  inspection,  and  repair  seem  to  have  crowded  out 
consideration  of  hydraulic  efficiency.  Modifications  in  the  design 
of  some  of  the  water  columns,  made  since  the  first  tests  were  con- 
ducted, have  resulted  in  improved  hydraulic  conditions  without 
loss  in  mechanical  efficiency. 

5.  The  telescopic  adjustable  spout  with  its   large  cross-sec- 
tion shows  lower  losses  than  the  fixed  spout,  though  it  must  be 
borne  in  mind  that  the  point  of  discharge  taken  in  water  columns 
with  telescopic  adjustable  spouts  is  at  the  end  of  the  riser,  and 
that  for  this  reason  the  lift  is  greater  than  with  the  fixed  spout. 
The  ball-and-socket  spout  gives  about  the  same  friction  loss  as 
the  rigid  spout,  but  it  has  the  advantage  that  the  point  of  dis- 
charge is  usually  lower.     It  may  also  be  noted  that  the  anti- splash 
devices  use  up  head  in  providing  a  solid  stream. 

6.  The  maximum  velocity  allowable  through  a  water  column 
will  depend  upon  such  matters  as  the   satisfactory  operation  of 
the  valve  and  also  upon  the  effect  of  closing  the  valve  in  the  de- 
velopment of  water  hammer  in  the  supply  main.     With  a  short 
line   from  the  supply  tank,  a  velocity   of  12  or  15  ft.  per  sec. 
through  the  water  column  may   be  considered  as  the  maximum 
desirable  velocity  for  ordinary  conditions,   and  for  longer  lines 
the  limiting  velocity  may  perhaps  be  as  low  as  8  ft.   per  sec.     It 
would  seem  that  3000  gal.  per  min.  for  an  8-in.  water  column, 
4000  gal.  per  min.  for  a  10- in.   water  column^  and  6000   gal.  per 
min.  for  a  12-in.  water  column  may  be  considered  to  be  the  limit 
of  desirable  discharge.     Considerations  of  the  cost  of  pipe  line 
and  supply  tank  required  to  give  the  above  discharge  in  a  pro- 
posed installation  may  show  that  such  high  velocity  and  discharge 
are  uneconomical,  and  on  the  other  hand  it  is  possible  that  high 
available  heads  or  long  and  expensive  supply  lines  may  make 
higher  velocities  permissible.     It  will  be  seen  that  the  velocities 
named  are  much  above  the  limiting  velocities  of  ordinary  water- 
works practice.  It  would  seem  also  that  for  the  rates  of  discharge 
just  noted  the  allowable  loss  through  the  water  column   itself 
should  not  be  much  more  than  20  ft. ,  and  that  the  limit  may  well 
be  placed  at  less  than  20  ft. 

7.  The  method  outlined  for  making  calculations  of  the  losses 
of  head  and  discharge  in  water  service  installations  is  a  conven- 
ient one.     By  means  of  the  diagrams  for  friction  in  pipe  and 
elbows  and  the  diagrams  for  loss  through  the  water  column  and 
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the  use  of  the  trial  ratio,  the  discharge  given  by  any  flow  head 
may  be  calculated  without  the  labor  attendant  upon  the  use  of 
the  usual  formulas  for  flow  of  water  in  pipes. 

8.  The  examples  of  combinations  of  pipe  lines  and   water 
columns  given  in  Table  6  illustrate  the  distribution  of  losses  in 
such  installations.     There  is  an  advantage  in  a  large  pipe  by  rea- 
son of  the  large  discharge  for  a  given  head  and  also  in  the  small- 
er opportunity  for  water  hammer.     In  an  installation  having  a 
high  head  available  (as  in  some  gravity  lines)  the  pipe  may  well  be 
smaller  than  in  the  common  installation,  provided  the  arrange- 
ment of  the  valve  closure  guards  against  water  hammer   and 
proper  relief  valves  are  used. 

9.  The   water  hammer  pressure  generated  in  a  pipe  line 
when  a  valve  is  closed  suddenly  and  no  relief  valve  is  used,  for 
the  sizes  and  thicknesses  of  pipe  used  in  ordinary  water  service 
installations,  will  be,  in  Ib.  per  sq.  in. ,  about  54  times  the  velocity 
of  water  in  the  pipe  in  ft.  per  sec.     The  term  "sudden  closure" 
is  here  taken  to  mean  that  the  time  consumed  in  that  part  of  the 
valve  movement  which  gives   relatively  high  valve  resistance  is 
less  than  the  time  required  for  the  pressure  impulse  to  travel  from 
the  valve  through  the  pipe  line  to  tank  and  back  at  a  speed  of 
about  4000  ft.  per  sec.     This  effective  portion  for  all  but  two  of 
the  water  columns  tested  was  the  last  15%  of  the  valve  move- 
ment.     For  slower  closures   the   pressures   developed   will  be 
smaller  than  the  maximum  water  hammer,  the  amount  depending 
upon  the  resistance  offered  by  the  valve  opening,  the  head  of  the 
line,  etc. 

10.  For  a  slow  closure  the  resistance  through   the  valve 
opening  is  the  chief  force  in  stopping  the  mass  of  water. 

11.  In  all  but  one  of  the  water  columns  tested  the  resistance 
through  the  valve  opening  was  not  markedly  larger  than  that  at 
full  opening  until  the  valve  had  attained  at  least  85  %  of  its  clo- 
sure.    Since  during  the  first  85%  of  the  valve  movement,  little 
work  is  done  in  stopping  the  water,  and  since  during  this  portion 
of  the  valve  movement  water  hammer  will  not  be  developed  even 
with  rapid  closing,  it  follows  that  it  is  immaterial  how  quickly 
this  first  85%  of  closure  is  made.     The  time  thus  saved  may  well 
be  used  in  lengthening  the  time  for  the  remaining  15%  of  closure. 
The   time-pressure   diagram   and   the   valve-movement-pressure 
diagram  of  one  of  the  newer  forms  of  water  column  illustrate  the 
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hydraulic  advantages  which  may  be  gained  in  this  way.  The 
effect  in  this  case  is  the  same  as  if  a  uniform  closure  five  times  as 
long  as  the  actual  time  of  closure  were  used.  It  is  seen  that 
making  the  last  portion  of  the  valve  movement  slowly  is  very 
advantageous. 

12.  With  the   time- pressure  and  valve-movement-pressure 
diagrams,  and  knowing  the  head,  diameter,   and  length  of  the 
pipe  line,  the  pressure  which  will  be  developed  when  the  value 
is  closed  in  a  given  time  (slow  closure)  may  be  worked  out  ap- 
proximately by  the  method  given  under   the  heading  "17.    Pres- 
sure Produced  by  Slow  Closure  of  Valve." 

13.  When  a  relief  valve  is  used  as  an  auxiliary  device,  the 
size  of  the  effective  opening  through  the  relief  valve  itself  may 
be  calculated  from  equation  (18).     Although  relief  valves  offer  a 
protection  against  excessive  pressure,  they  do  not  of  themselves 
fully  solve  the  problem  of  stopping  the  mass  of  water.     The  type 
of  water  column  having  an  internal  relief  valve   which  forms  the 
seat  for  the  cylindrical  valve  itself  may  be  expected  to  give  relief 
from  high  pressure  with  rapid  closing,  provided  it   is   propor- 
tioned to  furnish  the  proper  resistance  to  now  to  suit  the  condi- 
tions of  flow  head  and  length  of   pipe  line. 

14.  From  general  considerations  it  is  reasonable  to   expect 
that  8-in.  and  12-in.  water  columns  will  have  losses  approximate- 
ly the  same  as  those  found  in  the  10-in.  water  columns  at  the  same 
velocity  of  flow.     Losses  based  on  this  assumption,  then,  may  be 
used  until  more  accurate  information  is  available  without  chance 
of  serious  error. 
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APPENDIX 

20.  Diagrams  for  Friction  Loss  in  Neiv  Cast-Iron  Pipe. — Al- 
though not  a  part  of  this  investigation,  the  diagrams  for  fricfcion 
loss  in  new  cast-iron  pipe  prepared  for  the  Committee  on  Water 
Service  are  reproduced  here  as  a  convenience  to  readers  of  the 
bulletin.  Calculations  for  friction  loss  in  pipes  are  at  best  some- 
what uncertain,  since  the  properties  of  flow  are  more  or  less  in- 
definite. The  roughness  of  the  pipe,  the  workmanship  in  laying, 
and  other  variations  in  hydraulic  conditions  act  to  give  rather 
wide  variation  of  flow  under  the  same  head.  This  is  shown  in  the 
results  of  carefully  made  experiments  which  are  accepted  as 
standard  work.  Moreover,  the  difficulty  of  making  experiments 
on  pipe  of  medium  and  large  diameters  at  high  velocities  has  pre- 
vented the  accumulation  of  as  complete  a  set  of  data  as  could  be 
wished.  The  best  that  can  be  done  is  to  use  the  formulas  and 
tables  which  most  closely  conform  to  well  established  data. 
Fortunately,  it  is  generally  not  necessary  to  know  the  friction 
loss  within  close  limits. 

In  Fig.  11  and  12,  the  loss  of  head  in  feet  per  100  ft.  of  new 
straight  cast-iron  pipe  for  the  discharge  indicated  by  the  abscissas 
has  been  plotted  to  logarithmic  scale.  Fig.  11  is  for  pipe  having 
internal  diameters  from  3  in.  to  10  in.  and  Fig.  12  for  pipe 
having  internal  diameters  from  8  in.  to  24.  in.,  though  the  ex- 
treme sizes  in  each  diagram  have  little  range  of  discharge. 
With  a  little  practice,  interpolation  between  lines  may  be  made 
fairly  accurately. 

The  diagrams  (Fig.  11  and  12)  are  based  upon  the  formula 

fl    rf 

for  pipe  friction,   U——-  — ,  where  h  is  the  head  lost  in  friction 
a    2g 

in  I  ft.  of  pipe,  d  is  the  diameter  in  feet,  and  v  is  the  velocity  in 
feet  per  second;  /is  a  factor  depending  upon  the  size  and  rough- 
ness of  the  pipe,  and  varying  with  the  velocity  of  the  water;  g  is 
the  acceleration  of  gravity  in  feet  per  second  per  second.  The  values 
of  the  coefficient  /"used  in  preparing  the  diagrams  are  those  given 
in  Merriman's  Treatise  on  Hydraulics.  For  the  sizes  above  6  in. 
the  results  are  substantially  the  same  as  may  be  obtained  from  the 

vl's 
formula:  loss  in   100  ft.  =  0.044  -j-^.     The    results    for    pipe    of 
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sizes  8  to  24  in.  agree  very  closely  with  those  obtained  from  the 
tables  of  Williams  and  Hazen  for  a  pipe  after  approximately  three 
years  of  service  and  also  with  the  results  of  the  excellent  dia- 
gram given  in  Turneaure  and  Russell's  Public  Water  Supplies. 
They  also  agree  with  the  formula  of  Unwin,  a  noted  English 
authority.  The  values  found  by  the  tables  and  diagrams  jusb 
referred  to  do  not  differ  by  more  than  about  5  per  cent  from  the 
values  given  by  the  diagram  of  Fig.  12  for  the  sizes  named.  It 
may  be  noted  that  this  difference  is  much  less  than  the  variation 
in  the  results  of  experiments  made  at  different  times  and  places, 
and  that  a  far  greater  difference  may  be  expected  with  slight 
changes  in  the  condition  of  roughness  of  the  pipe.  For  sizes 
smaller  than  8- in  ,  the  agreement  of  the  several  formulas  is  not 
so  close.  It  is  believed  that  the  diagrams  conform  as  closely  to 
the  results  of  experiments  as  any  tables  which  have  been  pub- 
lished. 

The  values  for  head  lost  given  by  the  diagrams  for  sizes  from 
8  to  24  inches  diameter  are  generally  smaller  than  those  given  by 
the  Ellis  and  Howland  tables  and  by  the  Darcy  formula.  A  fur- 
ther difference  is  that  these  tables  and  formulas  assume  the  head 
lost  to  vary  as  the  square  of  the  velocity,  or  nearly  as  the  square, 
while  the  diagrams  use  1.8  power.  It  seems  that  for  high  ve- 
locities, Ellis  and  Howland,  and  also  Darcy,  give  a  lost  head 
which  is  higher  than  experiments  show.  The  excellent  form  of 
the  Ellis  and  Howland  tables,  as  presented^in  the  catalogs  of  the 
Addyston  Pipe  &  Foundry  Company,  R.  J.  Wood  &  Co.,  and 
others,  and  the  convenience  of  Weston's  tables,  which  are  based 
on  the  Darcy  formula,  have  made  these  two  sets  of  tables  favor- 
ites for  general  use.  It  must  be  borne  in  mind,  however,  that 
for  sizes  above  6  inches,  the  lost  head  given  by  them  for  the 
higher  velocities,  is  more  than  the  actual  loss. 

21.     Diagrams  for  Velocity  Head  and  Loss  in  Elbows  and  Tees.  — 

In  Fig.  13  are  plotted  values  of  the  velocity  head  ^-  correspond- 
ing to  discharges  in  gallons  per  minute  through  pipes  having 
internal  diameters  of  8,  10,  12,  14,  16,  and  18  inches.  Although 
the  scale  is  small,  the  values  may  be  obtained  with  sufficient  ac- 
curacy for  the  uses  given  in  this  bulletin. 

With  an  assumed  coefficient  of  entrance  head,  m,  this  diagram 
may  also  be  used  for  finding  the  loss  at  entrance  by  merely  mul- 
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tiplying  the  velocity  head  for  the  given  discharge  by  the  assumed 
coefficient.  For  ordinary  forms  of  entrance  this  coefficient  may 
be  expected  to  be  about  0.5,  but  it  is  not  uncommon  to  use  1.0 
for  the  coefficient,  expecting  that  the  larger  value  will  cover 
other  losses. 

Fig.  13  also  gives  the  loss  of  head  in  elbows  of  six  sizes  for 
given  discharges  in  gallons  per  minute.  The  upper  diagram  is 
for  elbows  having  a  radius  of  curvature  of  axis  of  elbow  equal  to 
1.5  diameters  and  the  lower  diagram  for  elbows  having  a  radius 
^qual  to  3  diameters.  The  values  are  those  selected  by  the  Com- 
mittee on  Water  Service  as  representing  the  maximum  results  of 
tests.  Few  data  on  large  sizes  and  high  velocities  are  available, 
but  the  values  given  in  the  diagrams  are  probably  conservative 
and  may  be  used  until  supplanted  by  more  trustworthy  informa- 
tion. 

Fig.  13  also  gives  the  loss  of  head  in  tees  of  six  sizes  for 
given  discharges  per  minute,  as  presented  by  the  Committee  on 
Water  Service.  Information  on  the  hydraulic  properties  of  tees 
is  even  more  incomplete  than  that  of  elbows,  but  the  diagrams 
probably  give  the  best  results  now  available. 
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DISCHARGE    /A/  G/iLLOri5     PER    M/NUTE 
FIG.  12.    Loss  OF  HEAD  IN  NEW  STRAIGHT  CAST-IRON  PIPE. 
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FIG.  13.    DIAGRAMS  FOR  VELOCITY  HEAD  AND  FOR  Loss  OF 
HEAD  IN  ELBOWS  AND  TEES. 
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FIG.  14.    WATER  COLUMN  I.    (For  details,  see  Fig.  42). 
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DISCHARGE  IN   GALLONS    PER   MINUTE 
Fie.  15.    Loss  OF  HEAD  IN  WATER  COLUMN  I. 
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FIG.  16.    WATER  COLUMN  II.    (For  details,  see  Fig.  42). 
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DISCHARGE  IN  GALLONS   PER   MINUTE 
FIG.  17.    Loss  OF  HEAD  IN  WATER  COLUMN  II. 
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FIG.  18.    WATER  COLUMN  III. 
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DISCHARGE   IN  GALLONS    PER   MINUTE 
FIG.  19.    Loss  OF  HEAD  IN  WATER  COLUMN  III. 
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FIG.  20.    WATER  COLUMN  IV. 
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DISCHARGE  IN  GALLONS   PER   MINUTE 
FIG.  21.    Loss  OF  HEAD  IN  WATER  COLUMN  IV. 
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FIG.  22.     WATER  COLUMN  V. 
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DISCHARGE  IN  GALLONS    PER   MINUTE 
FIG.  23.    Loss  OF  HEAD  IN  WATER  COLUMN  V. 
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FIG.  24.     WATER  COLUMN  VI. 
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DISCHARGE   IN  GALLONS    PER   MINUTE 
FIG.  25.    Loss  OF  HEAD  IN  WATER  COLUMN  VI. 
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FIG.  26.    WATER  COLUMN  VII. 
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HEAD  IN  WATER  COLUMN  VII. 
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FIG.  28.    WATER  COLUMN  VIII. 
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DISCHARGE   IN  GALLONS    PER   MINUTE 
FIG.  29.    Loss  OF  HEAD  IN  WATER  COLUMN  VIII. 
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FIG.  30.    WATER  COLUMN  IX. 
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DISCHARGE  IN  GALLONS    PER   MINUTE 
FIG.  31.    Loss  OF  HEAD  IN  WATER  COLUMN  IX. 


62  ILLINOIS  ENGINEERING   EXPERIMENT    STATION 


FIG.  32.    WATER  COLUMN  X. 
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DISCHARGE  IN  GALLONS   PER  MINUTE 
FIG.  33,    Loss  OF  HEAD  IN  WATER  COLUMN  X. 
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FIG.  34.     WATER  COLUMN  XT.    (In  the  test,  the  riser  and  spoub  of  Water 
Column  VI  were  used  instead  of  those  shown  in  the  cub.) 
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DISCHARGE   W  GALLON5  PER  MJNUTE 
FIG,  35.    Loss  OF  HEAD  IN  WATER  COLUMN  XI. 
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FIG.  36.    WATER  COLUMN  XII. 
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D/5CH4RGE  IN  6ALLONS  P£R  MINUTE 
FIG.  37.    Loss  OF  HEAD  IN  WATER  COLUMN  XII. 
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FIG.  38.    WATER  COLUMN  XIII. 
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GALLONS  P£/?  H//VUTE 
FIG.  39.    Loss  OF  HEAD  IN  WATER  COLUMN  XIII. 
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FIG.  40.    WATER  COLUMN  XIV. 
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DISCHARGE  /A/  GALLONS  PER  M/A/UTE 
FIG.  41.    Loss  OF  HEAD  IN  WATER  COLUMN  XIV. 
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FIG.  42.    DETAILS  OF  VALVE  FOR  WATER  COLUMNS  I  AND  II. 
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^Bulletin    No.  21.    Tests  of  a  Liquid  Air  Plant,  by  C.  S.  Hudson  and  C.  M.  Garland.    1908. 

* Bulletin  No.  22.  Tests  of  Cast-Iron  and  Reinforced  Concrete  Culvert  Pipe,  by  Arthur  N. 
Talbot.  1908. 

*  Bulletin    No.    23.    Voids.  Settlement  and  Weight  of  Crushed  Stone,  by  Ira  O.  Baker.  1908. 
Bulletin    No.    24.    The  Modification  of  Illinois  Coal  by  Low  Temperature  Distillation,  by 

S.  W.  Parr  and  C.  K.  Francis.    1908. 

Bulletin    No.     25.     Lighting  Country  Homes  by  Private  Electric    Plants,  by    T.    H. 
Amrine.    1908. 

Bulletin  No.  26.  High  Steam-Pressures  in  Locomotive  Service.  A  Review  of  a  Report 
to  the  Carnegie  Institution  of  Washington,  by  W-  F.  M.  Goss.  1908. 

Bulletin  No.  27.  Tests  of  Brick  Columns  and  Terra  Cotta  Block  Columns,  by  Arthur  N. 
Talbot  and  Duff  A.  Abrams.  1909. 

Bulletin  No.  28.  A  Test  of  Three  Large  Reinforced  Concrete  Beams,  by  Arthur  N. 
Talbot.  1909. 

Bulletin  No.  29.  Tests  of  Reinforced  Concrete  Beams:  Resistance  to  Web  Stresses, 
Series  of  1907  and  1908,  by  Arthur  N.  Talbot.  1909. 

Bulletin  No.  30.  On  the  Rate  of  Formation  of  Carbon  Monoxide  in  Gas  Prodqcers.  by 
J.  K.  Clement.  L.  H.  Adams,  and  C.  N.  Haskins.  1909. 


*Out  of  print. 
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Bulletin     No.    31.    Fuel  Tests  with  House-heating  Boilers,  by  J.  M.  Snodgrass.    1909. 

Bulletin     No.    32.    The  Occluded  Gases  in  Coal,  by  S.  W.  Parr  and  Perry  Barker.    1909. 

Bulletin      No.    33.    Tests  of  Tungsten   Lamps,  by  T.  H.  Amrine  and  A.    Guell.     1909. 

Bulletin      No.    34.    Tests  of  Two  Types  of  Tile  Roof  Furnaces  under  a  Water-tube  Boiler 
by  J.  M.  Snodgrass.    1909. 

*Bulletin     No.    35.    A  Study  of  Base  and  Bearing  Plates  for  Columns  and  Beams,  by  N. 
Clifford  Ricker.    1909. 

Bulletin     No.    36.    The  Thermal  Conductivity  of  Fire-Clay  at  High  Temperatures,   by  J . 
K.  Clement  and  W.  L.  Egy.    1909. 

*  Bulletin    No.    37.    Unit  Coal  and  the  Composition  of  Coal  Ash,  by  S.  W.  Parr  and  W.  F, 
Wheeler.    1909. 

Bulletin    No.    38.    The  Weathering  of  Coal,  by  S.  W.  Parr  and  W.  F.  Wheeler.     1909. 

Bulletin     No.  39.    Tests  of  Washed  Grades  of  Illinois  Coal,  by  C.  S.  McGovney.    1909. 

Bulletin     No.    40.    A  Study   in  Heat  Transmission,  by  J.  K.  Clement  and  C.  M.  Garland 


1910. 


1910. 


Bulletin 
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41.  Tests  of  Timber  Beams,  by  Arthur  N.  Talbot.    1910. 

42.  The  Effect  of  Key  ways  on  the  Strength  of  Shafts,  by  Herbert  F.  Moore 


Bulletin  No.  43.  Freight  Train   Resistance,    by  Edward  C.  Schmidt.    1910. 

Bulletin  No.  44.  An  Investigation  of  Built-up  Columns  under  Load,  by  Arthur  N 

Talbot  and  Herbert  F.  Moore.  1911. 

Bulletin  No.  45.  The  Strength  of  Oxyacetylene  Welds  in  Steel,  by  Herbert  L. 

Whittemore.  1911. 

Bulletin  No.  46.  The  Spontaneous  Combustion  of  Coal,  by  S.  W.  Parr  and  F.  W.  Kress- 
mann.  1911. 

Bulletin  No.  47.  Magnetic  Properties  of  Heusler  Alloys,  by  Edward  B.  Stephenson. 
1911. 


Bulletin 


48.    Resistance  to  Flow  through  Locomotive  Water  Columns,  by  Arthur 


N.  Talbot  and  Melvin  L.  Enger.    1911. 


UNIVERSITY  OF 


THE  STATE  UNIVERSITY 


THE  UNIVERSITY  INCLUDES    THE 

COLLEGE  OF  LITERATURE  AND  ARTS  (Ancient  and  Modern 
Languages  and  Literatures,  Philosophical  and  Political  Sci- 
ence Groups  of  Studies,  Economics,  Commerce  and  Industry). 

COLLEGE  OP  ENGINEERING  (Unexcelled  library;  spacious 
buildings;  well-equipped  laboratories  and  shops.)  Graduate 
and  undergraduate  courses  in  Architecture;  Architectural 
Engineering;  Architectural  Decoration;  Civil  Engineering; 
Electrical  Engineering;  Mechanical  Engineering,  Mining  En- 
gineering; Municipal  and  Sanitary  Engineering;  Hallway 
Engineering. 

COLLEGE  OF  SCIENCE  (Astronomy,  Botany,  Chemistry,  Ge- 
ology, Mathematics,  Physics,  Physiology,  Zoology). 

COLLEGE  OF  AGRICULTURE  (Animal  Husbandry,  Agronomy, 
Dairy  Husbandry,  Horticulture,  Veterinary  Science,  House- 
hold Science. 

COLLEGE  OF  LAW  (Three  years'  course). 

COLLEGE  OF  MEDICINE  (College  of  Physicians  and  Surgeons, 
Chicago).  (Four  years' course). 

COLLEGE  OF   DENTISTRY  (Chicago),    (Three  years'  course), 

SCHOOLS— GRADUATE  SCHOOL,  MUSIC  (Voice.  Piano,  Vio- 
lin), LIBRARY  SCIENCE,  PHARMACY  (Chicago),  EDU- 
CATION, RAILWAY  ENGINEERING  AND  ADMINISTRA- 
TION. 

A  Summer  School  with  a  session  of  nine  weeks  is  open  each 
summer. 

A  Military  Regiment  is  organized  at  the  University  for  instruc- 
tion in  Military  Science.  Closely  connected  with  the  work 
of  the  University  are  students'  organizations  for  educational 
and  social  purposes.  (Glee  and  Mandolin  Clubs;  Literary, 
Scientific,  and  Technical  Societies  and  Clubs,  Young  Men's 
and  Young  Women's  Christian  Associations). 

United  States  Experiment  Station,  State  Laboratory  of  Natural 
History,  Biological  Experiment  Station  on  Illinois  Eiver, 
State  Water  Survey,  State  Geological  Survey. 

Engineering:  Experiment  Station.  A  department  organized  to 
investigate  problems  of  importance  to  the  engineering  and 
manufacturing  interests  of  the  State. 

The  Library  contains  163,000  volumes. 
The  University  offers  628  Free  Scholarships. 

For  catalogs  and  information  address 

C.  M.  McCONN,  Registrar, 

Urbana,  Illinois. 
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